ABSTRACT: Organic charge-transfer superstructures are enabling new interfacial electronics, such as organic thermoelectrics, spin-charge converters, and solar cells. These carbon-based materials could also play an important role in spin-based electronics due to their exceptionally long spin lifetime. However, to explore these potentials a coherent design strategy to control interfacial charge-transfer interaction is indispensable. Here we report that the control of organic crystallization and interfacial electron coupling are keys to dictate external stimuli responsive behaviors in organic charge-transfer superstructures. The integrated experimental and computational study reveals the importance of chemically driven interfacial coupling in organic charge-transfer superstructures. Such degree of engineering opens up a new route to develop a new generation of functional charge-transfer materials, enabling important advance in all organic interfacial electronics. KEYWORDS: Nanoferroics, organic crystallization, materials design, and multifuctionality T he mixing of conductivity and ferroic orders in functional materials could lead to numerous technological advances, such as ferroic field-effect transistors and magnetoelectric tunnel junctions.
T he mixing of conductivity and ferroic orders in functional materials could lead to numerous technological advances, such as ferroic field-effect transistors and magnetoelectric tunnel junctions. 1−4 However, the ferroic orders are related to the interaction of localized electrons while the conduction is determined by the movement of electrons; thus, simultaneous conducting and ferroic orders remains challenging in conventional materials. Materials-by-design and assembly principle provides a unique and exciting opportunity, as it allows us to design novel multifunctional organic materials that combine two or more physical properties in the same crystal lattice, which are difficult or impossible to achieve in continuous inorganic crystalline solids. Organic charge transfer (CT) assemblies, consisting of an electron donor and acceptor with π-electron orbitals, can possess both charge and spin orders due to the largely delocalized π-electrons and the exchange interaction. 5, 6 Over the past decades, numerous materials have been designed toward the development of functional CT complexes. 7, 8 Recently, room-temperature multiferroicity in centimeter-sized crystalline charge-transfer superstructures, consisting of polymer−fullerene complexes, was achieved by the self-organization and molecular-packing induced charge order-driven ferroic coupling. 9 To take advantage of the complexity and tunability of this new class of organic functional materials, a comprehensive understanding of the relationship between structure and properties is important.
Interfacial engineering has been widely used to tune the electronic and optical behaviors of polymer−fullerene-based CT devices, and materials-by-design criteria exhibit a strong dependence on their structural architecture as demonstrated by both experimental 10−14 and theoretical 15−19 studies. Typically, longer side chain lengths of polymers lead to higher fullerene mobility and thus a larger scale of phase separation that reduces the interfacial area for charge separation. 20 Despite the novel properties observed in polymer−fullerene-based CT structures, a systematic analysis regarding the design strategy of polymer side-chain engineering is lacking. The conclusions obtained by previous studies on blend films cannot necessarily be applied to the CT superstructures because (1) although diffusion of C 60 molecules is important to determine the morphology of traditional blends, it is a negligible effect in the CT superstructures as the C 60 s are packed inside the crystal domains; (2) unlike the relatively fixed donor−acceptor distance in traditional blends with the π-stacking direction perpendicular to the interface, 17 the lengths of side-chains determine the donor−acceptor distances in the CT superstructures as the π-stacking direction is nearly parallel to the interface, and thus may substantially affect the electron coupling for charge transfer and intersystem crossing. In this work, we shed light on the impact of chemically driven sidechain engineering on correlated optical, thermal, electric and magnetic properties of CT superstructures using a combined experimental and theoretical approach. The CT superstructures with crystallization between fullerene (C 60 ) acceptor and polythiophene donor with varying alkyl side chains were chosen as prototype systems since exceptional optoelectronic response and optical characteristics have been observed in these π-conjugated systems. 21, 22 Our results suggest that the essential strategy for side-chain design to dictate external stimuli responsive behavior is control over polymer crystallization and interfacial electron coupling. Moreover, the Seebeck coefficients observed in such CT superstructures are among the highest reported for polymeric thermoelectric materials.
In order to probe the effect of alkyl side-chain length on donor−donor and donor−acceptor couplings, we examine the following electron donors: poly(3-butylthiophene-2,5-diyl) (BT), poly(3-hexylthiophene-2,5-diyl) (HT), and poly(3-dodecylthiophene-2,5-diyl) (DDT) with side chains consisting of 4, 6, and 12 carbon alkyls, respectively (shown in the inset of Figure 1a −c). The antisolvent crystallization combined with the solvent vapor evaporation approach is employed to obtain the CT superstructures. In comparison to the randomly distributed particle-like formation of BT-C 60 complex (Figure 1a and Figure 1a −c shows scanning electron microscopy (SEM) images and the carbon and sulfur chemical analysis mapping from energy dispersive X-ray spectroscopy (EDS) of BT-C 60 , HT-C 60 , and DDT-C 60 , respectively, in which the phase identification is confirmed by X-ray diffraction (XRD, Figure S1 ). On the basis of the insights from these crystal structure measurements, we further probe the origin of microscopic crystalline formation of these superstructure phases using classical molecular dynamics (MD) (the detailed simulation methods are described in the Supporting Information Section 5.1). Because of the strong attraction between molecules inside each phase and the steric repulsion between polymer side-chains and C 60 molecules, phase separations are stable regardless of the degree of crystallization of the polymers during the 1 ns simulations within the isothermal−isobaric (NPT) ensemble, as shown in Figure 1d for disordered BT and Figures 1e,f for ordered HT/DDT, respectively. The distances between nearest neighboring (nn) five-member rings are slightly larger in DDT than in HT, whereas a much broader profile is observed in disordered BT (Figure 1g ). Starting from a spacing of about 0.3 nm, the polymer−C 60 interfacial structures relax quickly within 10 ps and evolve very slowly afterward ( Figure 1i ). The distances between rings and their nn C 60 molecules at the DDT-C 60 interface are much larger than those at the HT-C 60 interface but follow a similar Gaussian distribution. 9 By contrast, the ring-C 60 distance distribution at the disordered BT-C 60 interface is much broader and irregular, with a larger proportion in small distances that tends to increase with increasing time (Figure 1h and Figure S12 ). While the head-to-head defects at the polymer−C 60 interface also increase the probability of short ring-C 60 distances, the effect is much less significant than the disordered initial condition ( Figure S14 ). These results provide a qualitative scenario of how the modification of side-chain chemistry affects the microscopic structure in two aspects, the crystallization of the polymer and the donor−acceptor distance. Next we focus on how such subtle changes in microscopic structure result in a wide range of physical properties. Although the alkyl side chains are electronically inert, the measured absorption spectra for BT-C 60 , HT-C 60 , and DDT-C 60 complexes are remarkably different from one another as shown in Figure 2a . To understand this phenomenon, we compute the absorption spectra of crystallized polymers with infinite lengths, and pairs of truncated polymer and C 60 molecules, by ab initio simulations using the random phase approximation (RPA). Although RPA does not accurately predict the optical gaps, it gives a similar strength of CT absorption to those obtained by the more accurate GW-BSE method in previous studies on HT-C 60 interfaces 23 and thus serves as a sufficient method for our purpose of qualitatively identifying the origin of absorption peaks. Because the calculated spectra for crystallized polymers exhibit only slight variations of near-edge absorption caused by different stacking distances, the strongest absorption at 450−600 nm observed in HT-C 60 is likely due to the highest packing density, while the broadening of the absorption peak can be ascribed to the wide range of conjugation lengths in the disordered system. Notice that only BT-C 60 provides absorption peaks in the infrared range, which may originate from the direct generation of CT states as illustrated in Figure 2d −f. Such excitation requires sufficient electron coupling between the highest occupied molecular orbital (HOMO) localized on the polymer and the lowest unoccupied molecular orbital (LUMO) localized on C 60 (Figure 2b ), which decays sharply with increasing donor− acceptor distance (Figure 2d ,e, Supporting Information Section 5.3) and thus can only occur in disordered BT-C 60 superstructures with unique donor−acceptor separation profiles. The broad absorption spectrum of the BT-C 60 complex reveals enhanced charge transfer interaction (Figure 2a) , resulting from the short side chain enhanced π-electron density and decreased shielding effects from donating electrons to acceptors. 24 In addition, the strong UV absorption in the DDT-C 60 superstructures can be understood from the alkyl chain related transitions either within the polymer (Figure 2c ) or at the donor−acceptor interface (Figure 2g ). The effect of the alkyl side chain on molecular packing can influence the optical anisotropy of CT crystalline superstructures. The 532 nm excitation light polarization is rotated in 10°increments with respect to the crystal growth axis (defined as 0°) and the resulting emission intensity is measured (Figure 2h ). Figure 2i shows the representative data for a HT-C 60 crystal in which the fluorescence intensity reaches a maximum (minimum) when the excitation polarization is parallel (perpendicular) to the crystal growth axis, indicating a slight preferential alignment of the transition dipoles along the direction of the crystal growth. The emission is also slightly polarized in this sample, as determined by aligning the excitation polarization along the baxis of the crystal (e.g., 0°) and collecting the fluorescence emission polarized either parallel or perpendicular to the excitation ( Figure S6a) . These results are consistent with the previous report that the polythiophene−C 60 CT superstructures are self-organized through the π−π conjugated interaction along the b-axis (crystal growth direction) and stacked in planar structures with the long chain axis (c-axis) nearly perpendicular to the substrate. 9 While the fluorescence emission is also polarized for the DDT-C 60 crystal, the BT-C 60 crystal shows no preferential emission polarization, consistent with the disordered nature of this material ( Figure S6e,f) . Furthermore, the change in fluorescence from a single HT-C 60 crystal measured as an external electric potential is applied. The excitation polarization is fixed parallel to the crystal's b-axis and the fluorescence is collected through a linear polarizer set either parallel (0°) or perpendicular (90°) with respect to the excitation (Figure 2h) . Figure 2j ,k shows the external electric potential-dependent emission of a HT-C 60 crystal. As the electric field increases, the emission intensity at both 0°and 90°d ecreases (Figure 2j and Figure S7 , respectively), which we attribute to the increased dissociation of excitons at the CT interface. The polarization ratio (P) is then calculated from the intensity of the emission at 700 nm, polarized either parallel (I 0 ) or perpendicular (I 90 ) as follows 
The polarization ratio increases linearly with applied voltage, indicating that anisotropic emission can be induced in these materials through application of an applied field (Figure 2k ). The side-chains of polythiophene are also known to play a critical role in the carrier transport. 10, 12, 14 Though both density functional theory (DFT) and molecular dynamics (MD) simulations have been implemented to probe the electronic structure and packing order of HT crystals, 18, 19, 25 the atomisticscale understanding of how the side-chains affect the carrier mobility has received less attention. To address this potential, we apply the phonon-assisted charge transfer model with a full quantum treatment, 26,27 wherein the hopping rate is dictated by the electron coupling and reorganization energy (Supporting Iinformation Section 5.4). The most straightforward side-chain effect is increasing π-stacking distance with increasing side chain length, 28 which results in a weak electron coupling (Figure 3a) . Though the shift between neighboring polymer along the backbone direction (Figure 3b ) is weak, it can still substantially reduce the electron coupling caused by insufficient wave function overlap (Figure 3c) . Interestingly, the energy profile versus shift distance exhibits a nonmonotonic trend with side-chain length (Figure 3c ), which can be explained by the fact that the deviation from ideal crystal structure reduces the steric repulsion between nn ligands but increases the steric energy between dentate units. In addition to the local effects, side-chains also change the crystallinity of the polymer and thus the conjugation length. As summarized in Table 1, electron coupling (V) is insensitive to the conjugation length (Lc) if the positions of the conjugating domains are close to each other, yet a larger Lc generally favors the overlap of conjugating domains. In contrast, the reorganization energy (λ) corresponding to the electron−phonon coupling strength decreases sharply with increasing Lc, which results in a lower effective hopping barrier. These influences can be mapped onto the carrier mobility (μ) with μ increasing with decreasing λ and increasing V (Figure 3d ). As defects have not been accounted for in this treatment, and the degree of irregularity in a realistic system is higher than that in our model, our calculated mobility is in reasonable agreement with experimental values (0.1−0.5
). 10, 29 Moreover, in response to various population distributions of phonon modes, the mobility first increases then decreases with increasing temperature, which is consistent with the negative temperature dependence reported for P3HT near room temperature. 29 The calculated mobility for C 60 is also consistent with experimental values of 0.3−6 cm 2 V −1 s −1 , 30, 31 implying that it is possible to achieve charge balance between donor and acceptor by tuning the donor side-chains. These calculations are consistent with our experimental results that HT provides the highest robustness against shift and thus may lead to large electron coupling, which is evidenced by the largest conductivity for HT-C 60 in comparison to the other two ( Figure 3e and Figure S9 ). The side-chain dependent steric hindering effect on the effect of conductivity is also confirmed by the conducting AFM (c-AFM, Figure 3f ), where the segregation between the DDT-rich donor phase and C 60 -rich acceptor phase is larger than that of the other two (Figure 3f ). To further confirm the polymeric crystallization and interfacial electron coupling effect, the side-chain dependent thermoelectric Seebeck coefficient is shown in Figure 3g . At room temperature, Seebeck coefficients of HT-C 60 and DDT-C 60 are 190 ± 10 and 110 ± 40 μV/K, respectively, while no detectable thermovoltage is measured from the BT-C 60 . The Seebeck coefficients observed in HT-C 60 crystals are among the highest reported for polymeric thermoelectric materials, which typically ranged between tens to hundreds of microvolt per kelvin (Table S2) . 32−38 It is known that bipolarons are the major charge carriers in doped polythiophenes. 39, 40 As proposed by Bubnova et al., the Fermi levels, E F , of amorphous bipolaron conducting polymers lies between the valence band and the bipolaron band, and the density of states (DOS) near E F varies very little with respect to energy. 41 As the ordering increases, the bipolaron band starts to merge into the valence band and becomes empty, resulting in an increase in the DOS slope near E F . Because the Seebeck coefficient is related to the slope of the DOS at E F , 42 one would expect that increase in the crystallinity of bipolaron conducting polymers can lead to an enhanced Seebeck coefficient.
The relatively small dielectric constant in organic materials is beneficial for the formation of a large Coulomb capture radius with the generation of the CT state. 43 An external magnetic field can cause spin-mixing with the change of the ratio between singlet and triplet CT state, leading to the change of corresponding CT dependent properties. 44 As shown in Figure  4a and Figure S6 , the emission intensity of the BT-C 60 complex increases under an external magnetic field of 100 mT due to the induced triplet to singlet conversion, whereas it decreases for both HT-C 60 and DDT-C 60 crystals, suggesting the transfer of singlet to triplet CT state. We evaluate the magneto- 
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Letter DOI: 10.1021/acs.nanolett.6b00712 Nano Lett. XXXX, XXX, XXX−XXX conductance (MC) to gain further understanding of the CT characters in the complex with different side chain length. Figure 4b and Figures S25−S34 demonstrate a negative MC under different external stimuli (the inset illustrates the measurement scheme of MC). The scattering reaction between triplet CT states and polarons decreases the mobility of polarons, resulting in the decrease of the current density under magnetic field within the HT-C 60 and DDT-C 60 crystals, deemed as the negative MC effect. The magnetic field induces a decrease of the triplet CT by transferring them to the singlet CT, leading to the negative MC effect with a decrease of the charge carrier density. As discussed in Figure 1 , a short alkyl side chain benefits the formation of CT states and thus the HT-C 60 crystal exhibits a larger MC than that of the DDT-C 60 crystal. However, a relatively small MC effect is shown in the BT-C 60 complex, which results from its lower crystallinity. In the CT complex, the collective electron transfer from donor to acceptor leads to the formation of dipoles, which can be tuned by external stimuli. The ordered noncentrosymmetric crystalline structure with the generation of long-range orientation of dipoles, and the large density of CT states are beneficial for organic CT ferroelectrics. 45, 46 It is consistent with the results in the inset of Figure 2j that the loading of electric field increase the alignment of the dipoles toward the crystal growth direction. The HT-C 60 crystal exhibits the optimum photoexcitation dependent polarization due to its ordered structure and relatively weak shielding effect from donating electrons to acceptors ( Figure S34a ). In addition, its dielectric constant decreases with increasing frequency due to the dielectric relaxation (Figure 4c ). The HT-C 60 crystal shows a large dielectric constant at low frequency, while the BT-C 60 complex shows a small dielectric relaxation due to the short alkyl side chain induced relatively large CT density. The inset of Figure  4c shows that the dielectric constant increases with temperature, which is due to the thermally excited triplet excitons. As discussed in Figure 4a , an external magnetic field can induce the transfer of singlet to triplet CT states, in which the triplet excitons increase the dipoles as the magneto-dielectric coupling effect (Figure 4d ). The charge transfer between the donor and acceptor phase, together with the spin formation, play an important role in the magnetism of the CT complexes. In particular, a large variety of electronic phases exist in π-electron systems, including charge density wave, spin density wave, electron−phonon coupling, spin−lattice coupling which could enable the coupling between charge and spin orders. 47 In order to examine the CT controlled spin properties, electron spin resonance (ESR) has been utilized to study the CT states under dark and photoexcitation conditions (Figure 4e and Figure  S36 ). In comparison to the dark condition, two strong ESR signals ascribing to HT polaron + and C 60 polaron − appear, revealing the strong CT and effective photoexcitation characteristic in the HT-C 60 crystals. This phenomenon was also observed in two other complexes ( Figure S36 ) and summarized by the light intensity dependent susceptibility change as shown in Figure 4e . As shown in Figure S42 , the application of electric field increases the ME coupling coefficient of the CT complexes in which the HT-C 60 crystal shows the optimum ME coupling coefficient. The optimum ME coefficient of 1.0 × 10 −3 Oe·cm/ V is observed in HT-C 60 crystals under a bias magnetic field of 60 Oe at a light intensity of 70 mW/cm 2 ( Figure 4f and Figure  S41 ). In the long-range ordered π−π stacking network, the spin orders and CT dipoles are directed along a specific direction, enabling the spin-charge composite ferroic orders at ambient conditions. 48−50 The electric field induces an increase of CT states with the enhancement of the coupling between the spin and charge ferroic orders, leading to more spin along the magnetization direction as well as the increase of the ME coupling effect. The photoexcitation induced CT and ordering can further enhance the ME coupling in crystals. By contrast, the disordered structure of BT-C 60 and weak CT interaction in DDT-C 60 due to the hindering effect by the long alkyl side chain, the coupling of spin, and charge orders are relatively weaker than that in HT-C 60 , resulting in a lower ME coupling.
In conclusion, we design and exploit chemically driven sidechain engineering for a new class of multifunctional organic CT superstructures, produced by antisolvent crystallization and drying mediated self-assembly. The unique crystallization characteristics and high degree of charge transfer endow the crystals with anisotropic optical properties, high Seebeck coefficient and external stimuli dependent ferroic properties. The mechanistic studies from the theoretical modeling confirm that high degree of crystallinity in the polymer phase and appropriate energy profile between neighboring molecules enhance electron coupling and conjugation length, and thus access high carrier mobility. Furthermore, a short donor− acceptor interfacial distance provides sufficient electronic coupling between the donor and acceptor orbitals, which is necessary for both charge separation and direct excitation of CT states. The proposed strategies in this study open up a new opportunity to chemically design organic CT materials for the development of all-organic interfacial electronics. 9, 51 Methods. The details for the synthesis of the solution and the growth of the crystals can be found in part 1 of the Supporting Information. DFT and MD calculations on electric and structural properties can be found in part 5 of the Supporting Information.
Conducting Atomic Force Microscopy. Bruker dimension icon atomic force microscopy equipped with Cr/Pt-coated Si probe (radius <25 nm, resonant frequency, 13 kHz) was used. A voltage of 5−10 V was applied.
Fluorescence Measurement.
(1) For the angle-dependent fluorescence measurement, the samples containing the crystals were mounted on an Olympus IX73 inverted microscope. Fluorescence was excited with 4.3 μW of a 532 nm laser and collected with a Princeton Instruments ACTON SpectraPro 2500i/Spec-10 spectrometer using a 20× objective. The excitation polarization was aligned to the long axis of each crystal investigated, while a linear polarizer in the detection path was varied (0°parallel to the excitation polarization and 90°perpendicular). (2) For electrical measurements, the crystals were grown on ITO glass substrate. Two wire leads (tinned-copper) were attached to the surface of the ITO using conductive Ag epoxy. Next, the leads were connected to a Power Designs Inc. Model TP325 triple output DC power supply. For each voltage step, the system was allowed to equilibrate before the spectrum was collected.
Thermovoltage Measurement. Seebeck coefficient (thermopower) was measured using an in-house apparatus. Thin film samples were deposited on glass slides, which were placed on top of two Peltier stages. The temperature was detected by thermocouples and the thermovoltage across the samples was measured using a multimeter. One of the Peltier stages was kept at 273 K (25°C) while the temperature of the other was varied between 267 and 280 K. MD Simulation. Classical MD simulations were performed in the constant NPT ensemble for 1 ns with a 0.5 fs time step using the LAMMPS package.
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DFT Simulation. Standard DFT method as implemented in the VASP 53 and Quantum Espresso 54 packages were used to obtain the electronic structures for polythiophene crystals and polymer-C60 interfaces. The absorption spectra were computed by RPA approach using the BerkeleyGW package. 55 Charge Transfer Rate. The carrier hopping rates were calculated by full quantum treatment within the phononassisted nonadiabatic charge dynamics scenario. 26 The electron couplings were obtained by the anticrossing approach, whereas the reorganization spectra were computed by the phonon mode decomposition. 
